A laser scanner and a stepping xy stage have been developed for direct writing lithography in the micron and the submicron range. System design is described and examples of exposed photoresist with a structure size of 1 gm are presented.
Introduction
New developments of semiconducting devices are characterized by a continual decrease of the smallest dimensions and an increase in circuit size and complexity. In the production environment of today typical dimensions range from 1 to 2 1im. In the laboratory, devices with structure sizes of about 0.5 gm have been realized. In the 1990s, structures smaller than 0.5 gm will be needed, e.g., for the production of 16
Mbit memory chips. The decrease in structural dimensions not only allows a higher circuit complexity, but also an increase in speed and a decrease in power consumption, which is just as important.
Today, in most cases, the reduced image of a mask is projected onto a photoresist. Although this so-called projection printing method allows high throughput, it lacks flexibility. In the production of a semiconducting device more than ten photolithographic steps have to be carried out.' Any minor change in design data, therefore, requires a complete set of new masks, resulting in extremely high production costs and delay times.
At the stage of design testing, or if only a small number of circuits has to be produced (as in the case of application specific integrated circuits (ASICs)), higher flexibility is desired and lower production rates become acceptable. Under such circumstances direct writing techniques like electron, ion, or laser scanning can be faster in turnaround time and more economical, because the manufacture of masks can be eliminated. These techniques generate patterns by writing serially pixel by pixel on the photoresist by modulation of the exposing beam.
Recently laser-scanning techniques have been introduced for production of masks with structure size of a few microns. 2 Direct write on a wafer has not been attempted yet. We describe here a laser-scanning system for direct writing lithography with a resolution better than 1 Atm and a writing speed of 20 mega pixels per second. At sufficient laserpower small structures of arbitrary shape can in principle be written with an exposure time as short as 25 s/cm 2 . High frequency SAW devices for solid state research and technical application are presently produced by this technique. 3 
System Design

A. Optomechanical Concept
There exist two different scanning principles: vector and raster. 4 While in vector scanning arbitrary points of the scanning area are addressed successively, in raster scanning the total area is scanned line by line. At a first glance, vector scanning seems to be more attractive, because only areas are addressed that have to be exposed. In practice however, this technique turns out to be rather slow, because the laser beam can only be deflected by relatively slow galvanometer mirrors in the x-andy-directions. Therefore, we prefered to use the much faster raster scanning technique.
Our setup is shown schematically in Fig. 1 . The fast scan in the horizontal direction is performed by a rotating polygon mirror. The polygon, which has twenty-four facets corresponding to a scan angle of 300, rotates at 39,000 rpm. The vertical scan is performed by a galvanometer mirror at a frequency of 50 Hz. The resulting line frequency is -16 KHz.
The laser beam is focused onto the photoresist by a microscope objective (Zeiss Planachromat 40/0.95). Scanning of the focus is achieved by angular motion of the parallel laser beam at the entrance pupil of the microscope objective. Any lateral motion would distort the linearity of the scan. Therefore, the polygon facets as well as the galvanometer mirror must be 
placed at image planes conjugate to the entrance pupil. At these planes the laser beam is parallel and only the angle is varied (see Fig. 2 ). Although the scanning optics is afocal, it acts as a focal system for the motion of the beam.
The function of the scanning optics is threefold: (a) imaging of the polygon facet onto the galvanometer mirror and onto the entrance pupil of the microscope objective, (b) reduction of the scanning angle, and (c) expansion of the laser beam.
The entrance pupil of the microscope objective is illuminated by a parallel beam. Diameter d and depth t of the focus are given by d = kiX/N.A. and t = kX/ (N.A.) 2 , respectively. 5 Here N.A. is the numerical aperture of the objective and X the wavelength of the laser. The values of k, and k 2 depend on the illumination of the objective. For plane wave illumination k, = 1.22 and k 2 = 0.5 (Rayleigh criterion), where d is the diameter of the focus, or, more precisely, of the central disk of the Airy pattern. Due to the high contrast of photoresists, the effective value of k, is 0.6-0.8 for the lithographic process, depending on the contrast of the resist and on the developing conditions.
-In our system a microscope objective with a numerical aperture N.A. = 0.95 is used. Because of limitations of the beam diameter due to the polygon facet and the galvanometer mirror, we obtained a useable For patterning the photoresist the laser beam has to be modulated. We use an acousto-optic modulator (AOM) with a carrier frequency of 200 MHz. Risetimes as short as 15 ns are obtained by focusing the laser beam into the modulator. Since the laser beam is distorted by the modulator, 6 a pinhole (Ph) is placed in the light path to restore the beam shape. This spatial filter is also used to suppress the zero order beam of the modulator.
For focus control during exposure, an autofocus system with a He-Ne laser (X = 633 nm) as a light source is used (Fig. 1) . The photoresist is insensitive at this wavelength. The beam is coupled into the light path of the He-Cd laser behind the acousto-optic modulator by a beam splitter (BS), and therefore remains unmodulated. Light that is reflected by the surface of the photoresist is directed back along the light path through the entire scanning system and is detected by a photomultiplier (PM). The intensity of the collected light depends on the focal position with respect to the surface of the photoresist and is used for controlling the z-position of the wafer. The necessary mechanical motion in the z-direction is achieved by piezoelectric actuators. In addition, the reflected intensity is digitized to obtain an image of the substrate for alignment control.
B. Electronic Concept
The electronic subsystem (Fig. 3) has to generate the desired pattern and to convert the data into serial format for the acousto-optic modulator. Furthermore, it synchronizes the mechanical parts of the beam deflection unit with the pattern data.
The desired exposure pattern is generated with a microcomputer and stored in a 1024 X 512 byte frame store. The intensity of the reflected beam of the HeNe laser (see above) is digitized by a 6-bit A/D converter and recorded for alignment of the exposure pattern to layers processed previously.
An essential point in direct writing laser scanning techniques is the exact synchronization of the polygonal motion with the data flow to the modulator. In contrast to other realizations, where the angular velocity of the polygon is controlled electronically, we kept its average speed constant by a stabilized oscillator. The instantaneous angular velocity of the polygon var- ies slowly, moving the exposed areas on the wafer a few pixels. In order to compensate for these changes and to eliminate the errors of the polygon facets, the data flow from the pattern generator to the modulator is adjusted correspondingly. We have investigated several techniques to achieve such an adjustment. It turned out that a relatively simple start-of-scan signal leads to sufficiently high stability and accuracy. An error of the spot position of <0.1 jm was obtained. As mentioned above, the beam of the HeNe laser meets the surface of the polygon facets under the same angle as the writing beam. At the beginning of each scan the He-Ne beam is reflected to a start-of-scan detector (SOS in Fig. 1 ). This signal triggers the dataflow to the modulator for every line. For vertical scan the galvanometer mirror is stepped by a synchronization circuit.
C. xy Stage
In our experimental setup the image field of the microscope objective is 0.5 X 0.5 mm 2 . Larger devices must be exposed in successive steps (step-and-repeat).
For the writing of structures with a size of 1 jm, accuracy of the table position has to be better than 0.1 jim. Usually the xy-motion of the table is controlled by laser interferometers. Position is determined by counting and analyzing the interference fringes, which correspond to tiny increments of distance. Because mirrors are located far from the point at which the wafer is exposed, the table position is taken from a different site to that which is to be measured. Thus, tilts and imperfections of table mechanics influence the actual data, resulting in poorer accuracy. Moreover, the refractive index of air changes with temperature, pressure, and humidity. This has to be compensated for accurate positioning.
We have adopted a different approach; measurement is made at the same place where the wafer is exposed. In our system we use a high precision 2-D microscale (Fig. 4) , 10 X 10 cm 2 in size (Sietec, Berlin 7 )
mounted on the rear side of the table. The microscale exhibits a periodic pattern that characterizes the table coordinates within this period (25 im) unambigously. Thus, our method is local and not incremental, in contrast to the interferometric one. The scale is magnified (X40) by a microscope objective and registered by two linear charge-coupled-devices (CCD) to determine x-and y-position separately, see Fig. 5 . First, the table is coarsely positioned by stepping motors with a precision better than 10 ,m, which is less than half the pattern period. Thereafter, the fine coordinate measurement and positioning is achieved by comparing the real image of the scale with the one expected for the desired position. Fine positioning is performed by means of piezo actuators. We achieved a resolution and a long distance repeatability of about 10 nm for 3 a. The error in absolute position depends only on the quality of the scale.
Ill. Experimental results
For an assessment of the performance of our lithographic system we discuss resolution, the ratio between line distance and spot size, curvature of the image field, and the alignment of successively written exposure areas.
In order to investigate the resolution of our experimental setup we have produced microstructures on glass substrates. For this purpose photoresist AZ 1350 SF was exposed by the laserscanner and developed with AZ 351. At a wavelength of 442 nm, an exposure dose of about 100 mJ/cm 2 is needed.8 In our system the light power available after the microscope objective is only 100 Aw. Therefore, the same area has to be exposed several times. This problem is caused by the low output of our laser only and is by no means a fundamental problem. Moreover, the quality of the exposed structures proves the excellent stability of the, synchronization between mechanics and electronics. Figure 6 shows a SEM photograph of a resist pattern made for a SAW device. Details of this structure can be seen in Fig. 7 . Clearly, we obtain a structure size of 1 jim, in agreement with the spot size calculated for our experimental system. Furthermore, it is worth mentioning that the steepness of the edges is sufficiently high for the lift-off technique we apply. In this technique, the substrate is coated with aluminum after development. The remaining resist can only be stripped in a solvent, if the edges are steep enough not to be coated with metal.
The scanning technique as well as the nonideal properties of the optical components leads to irregularities of the pattern generated in the photoresist. We first consider the influence of the finite distance between adjacent scanning lines. If this distance is too large, the photoresist structures would show an unacceptable edge roughness for lines perpendicular to the scanning direction. The required ratio between line distance L (digital pixel size or address grid) and spot size d of the writing beam has been calculated numerically assuming Gaussian beam conditions. 9 At a ratio d/L > 2, edge roughness is expected to be smaller than 0.1 ,m. A larger ratio should lead to smoother edges at the expense of increasing the writing time by a factor 1/L 2 .
This prediction was confirmed by our measurements. Figures 8 and 9 show lines written perpendicular to the scanning direction, with the ratio d/L being 1 and 2, respectively. Good agreement with expectation was obtained: whereas the edges are relatively rough in the first case, roughness is smaller than 0.1 Aim for the latter.
The influence of the field curvature of the optical system is of great importance. The focal point of the scanned laser beam is on a curved focal surface. In Fig. 10 the field curvature has been made visible through an interference effect of the monochromatic laser beam. Light is reflected at the surface of the substrate and superimposes with the incident beam. To increase reflectivity, the substrate is coated with aluminum. At the nodes of the standing waves, exposure dose is low and pronounced edges result in the developed photoresist.
Towards the end of the scanned line the focal point moves away from the substrate. This leads to a reduc- tion of light intensity in the resist close to the substrate. Because of the standing waves, exposure dose is too low to develop the resist there. This effect can be suppressed by a small increase of exposure or developing time. Motion of the focal point inside the photoresist along the z-axis also causes a change in line width. However, this variation is below 0.1 ,um and can therefore be neglected. Because of the small size of the scan field of 0.5 X 0.5 mm 2 , larger structures have to be exposed successively by stepping the substrate with the xy table. The accuracy of this table is an important factor for the quality of the produced structures. A deviation of the calculated position by more than one tenth of the minimum structure size would cause unacceptable results. This means that the precision in xy position has to be <100 nm. The SEM photograph of Fig. 11 shows an acceptable position error in the direction of the scanning lines and perpendicular to them.
IV. Conclusion
A laser scanning system for fast direct writing lithography has been developed. The described system can be used to expose any pattern, generated by a microcomputer, down to a structure size of 1 pm at 20 megapixels/s. Because of the limited image field of the microscope objective used in our setup, larger structures must be exposed by successive steps. For this purpose an xy stage was developed allowing alignment with a precision <0.1 /Am. In principle, it should be possible to write structures down to 0.5 ,m by minor changes of the present system.
